Abstract. The deformation and residual stress directly affected the appearance and mechanical properties of components. It is inevitable to produce large deformation and stress in the metal forming process. In this paper, the deformation of fused-coating additive manufacturing was investigated with finite element (FE) simulations. And Goldak's double ellipsoidal heat source model is implemented into the numerical model. The FE model of the deposition layer was developed on the basis of experimental observations. Temperature field distribution of fusedcoating process was firstly calculated and analyzed. These results were then input the thermal elastic-plastic FE models and the deformation and stress could be obtained. The process parameters and constraint conditions were shown to have considerable effect on the deformation and stress.
Introduction
Deformation and residual stress which would influence the appearance and fatigue strength significantly are inevitable results in some metal additive manufacturing. The magnitudes of thermal residual stress in a component are usually as large as or even larger than the yield stresses of raw material. The tensile thermal residual stress caused by shrink in the solidification process is a key factor causing crack or deformation of the mechanical parts [1] . Therefore, it is essential to control the deformation and decrease the stress in the manufacturing process. Long et al. [2] investigated the distortions and residual stress in the Metal Insert Gas welding. The FE simulations with thermo-elastic-plastic methods were used to evaluated the effects of the welding parameters (welding speed and plate thickness) on the residual stress and distortion in butt weld of thin plate. Nishu Ma investigated the welding deformation under a free condition and a jig constraint condition, and the results showed that the jig constraint could reduce the deformation apparently. [3] . Line heating is an effective way to decrease the distortion, the opposite displacement could produce to offset the deformation in the manufacturing process [4] . However, the additional correcting work will result in high cost and long production period.
In this study, a three-dimensional thermal elastic-plastic FEM was built to simulate the temperature history of fused-coating process and to calculate the deformation. Goldak's doubleellipsoid heat source is implemented in the simulations. The simulated temperature field was analyzed before the stress was calculated. The deformation of fused-coating specimen was investigated under different process parameters.
FE Simulation
In this section, a 3D thermo-elastic-plastic numerical FE model is developed to obtain the temperature field and subsequently the deformation during the fused-coating process. Figure 1 shows the schematic of the arc preheated fused-coating additive manufacturing. In this metal additive manufacturing process, the raw material is heated in the crucible until it is completely molten. The melt flows out of the fused-coating head channel and then reaches to the moving substrate. The arc in the front of the fused-coating head is to remelt pre-solidified layers and a good metallurgical bonding between layers can be gained [5] . According to the experimental results of fused-coating specimen, FEM of single layer was built. The shape and sizes of the deposition layer in the FE model was determined by experimental measurement. The width and height are 6mm and 2.7mm, respectively. The length, width and thickness of the substrate is 70mm, 60mm and 8mm, respectively. The arc heat source was represented by a Goldak's double ellipsoidal heat source model [6] . The method of element birth and death was applied to simulate the fused-coating additive manufacturing process. Since the raw material was molten in the crucible, the initial temperature of the deposition layer was set 920K.
Finite Element Model
In order to obtain the temperature distribution and deformation accurately, dense mesh should be made near the deposition layer, which is shown in figure 2 . The aluminum alloy of 7A09 was employed in this paper and the chemical composition of this alloy is given in table 1. The temperature dependent physical properties used in the thermal conduction simulation are shown in figure 3 . It is assumed that the thermal prosperities of the deposit layer are the same with the substrate. 
Thermal-mechanical Model
The fused-coating process with arc preheated is a highly coupled thermal-mechanical process. The transient temperature field is obtained from a non-linear thermal analysis. During the fused-coating process in an isotropic material, the transient temperature T (x, y, z, t) as a function of time t and the spatial coordinates (x, y, z) are governed by the following equation:
Where q, ρ, c and k are the internal heat source, the material density, specific heat capacity and thermal conductivity, respectively, and T =T (x, y, z, t) is the temperature at the point (x, y, z) at time t.
The thermal boundary conditions were considered in the current investigation, including the convection and radiation to the environment from all exposed surfaces. Heat loss due to convection is assumed as shown in Eq. (2). The heat loss on the surface due to radiation to the surrounding is governed by Eq. (3), following the Stefan-Boltzmann law [7] : (3) In the following stress and deformation analysis, the temperature distribution obtained in the thermal analysis are used as input data in conjunction with the thermo-mechanical properties and mechanical boundary conditions. The same finite element meshes associated with a 3D stress element were employed in this mechanical analysis.
Phase-transformation-induced strain is neglected in this study. The total strain increment{} d at the integration point as a function of elastic strain, plastic strain and thermal strain is governed by Eq. (4) below: are the elastic, plastic and thermal strain increments, respectively [8] .
Results and Discussion
The temperature distribution in the forming process was calculated firstly and then the thermal stress and deformation were obtained on the basis of temperature field. Figure 4 illustrates the transient temperature at 4s, 8s, 12s and 23s of the fused-coating process. Element birth and death method was employed in the FEM simulations, and the additive manufacturing process was carried out by element activating step by step. Therefore, the yellow-green part in the front of heat source in figure 4 is the killed elements whose temperature maintains 920K all the time. In the fusedcoating process, the molten melt flows to the substrate in a relatively low temperature. Solidification begins when they contact with each other. Meanwhile, the arc is applied on the surface of the melt that has been activated. It can be seen that the region beside the arc has higher temperature and larger temperature gradient, while the rear part maintained relatively uniform temperature distribution. With the forming process continue, the activated elements behind the heat source cooled down and solidified on the substrate. The last picture in figure 4 shows the cooling process after the forming process. Since the ambient temperature was set to be 20 ゜ C, the component temperature decreased gradually under the effect of heat convection. The thermal stress and deformation can be calculated incrementally on the basis of temperature field at different time of all elements. The deformation of fused-coating component was investigated without any constraint, only rigid body (substrate) motion was restrict. Figure 5 shows the deformation of fused-coating specimen without any constraint at 23s. It is obvious that the deformation is symmetry with the central line of the deposition layer. The deformation is small near the region of forming layer, but it is increased away from the central line normal to the forming direction. And it reached the maximum value at the four corner of the substrate. That is because solidification happened near the region of deposition layer, when the molten melt cooled down and shrank, the thermal stress would produce. The whole component would have a deformation under a free condition. Figure 6 illustrates the deformation of fused-coating specimen along the line AB at different forming speed. The line AB which is labeled in figure 5 is on the top surface of the substrate. The deformation of each node along the line was extracted at the forming speed of 3mm/s, 4mm/s and 5mm/s and then figure 6 can be obtained. As is can be seen from this figure, the deformation along line AB at different forming speed had the same changed trend. But with the increasing of the forming speed, the deformation declined obviously. The deformation can be decrease to 40% when the forming speed changed from 3mm/s to 5mm/s. The reason of this phenomenon is that the higher forming speed would result in a smaller heat affect zone, the shrink in the solidification was relieved in some degree. Jigs are widely used in the forming process to fix the substrate so as to avoid rotation distortion. Figure 7 illustrates the displacement distribution of fused-coating specimen constrainted with four jigs. In this simulation, jigs were asumed to placed at the four corners to constraint the displacement in x, y and z directions. From the computed results, it can be found that the deformation at the middle part of the substrate is larger than that near the edge. At the central part of the specimen, the displacement almost had the minnum value and as a matter of course, the displacement value at four corners is zero. On the whole, under the constraints of jigs, the displacement on point A or B is about 50%-60% decreased compared with that in figure 5 .
Conclusions
Based on the thermal elastic-plastic FE models of fused-coating additive manufacturing, the transient temperature distribution during the forming process was investigated. And consequently, the temperature data was input to the thermal-mechanical model to calculate the deformation. The deformation distribution of the specimen is symmetry with the central line and the deformation increased obviously from the central line to the edge, along the normal to the forming direction. The forming speed had great influence on the magnificant of deformation. The deformation can be reduced significantly by improve the forming speed to some extent. In addition, jigs could be an effective way to prevent the deformation.
